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Abstract
Flow boiling in mini-channels has been the most recent trend in high performance
cooling techniques, in spite of an increased pressure drop. An experimental study of
pressure and heat transfer characteristics of water in mini-channel evaporators was
carried out in this study.
The test section consisted of 6, U-shape, parallel, mini-channels. The mini-channels were
formed by brazing an etched, flat, stainless steel plate. The hydraulic diameter of a single
mini-channel was 0.725 mm. Distilled water, used as the fluid medium, flowed in the
mini-channels; while the heating oil flowed on the outside of mini-channel. The inlet
temperature of the water was maintained at room temperature and the outlet pressure was
ambient pressure. The mass flux was in the range of 87.36 kg/m~ s to 656.75 kg/m2 s.
In order to enhance the heat transfer of the oil side, offset-strip fins were applied on the
stainless steel surface of the oil side channel. Parafherm heat transfer oil, the fluid
medium, was used on the oil side. The inlet temperature of the oil channel was varied
through a range of 100C to 275C.
The heat transfer and pressure drop results were obtained as a function of water flow rate
and inlet oil temperature. The results indicate that the heat transfer coefficient on the
water side was a function of the water mass flow rate, the outlet steam quality, and the oil
inlet temperature. The pressure drop of the water side increased with decreasing oil inlet
temperature and increasing water mass flow rate in the single-phase flow region. In the
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two-phase flow region, the pressure drop behavior was more complex since a higher
water mass flow resulted in a lower average quality in the evaporator. The vapor
generation phenomena associated with boiling and the resultant two-phase flow gives the
pressure drop and heat transfer 2-10 fold.
The study of two-phase heat transfer visualization gives more detail of the mechanism of
two-phase flow and heat transfer. The capillary phenomena play a very important role in
the small size channel. In this study, four predominant flow patterns, isolated bubbles,
confined bubbles, slug flow and annular flow were observed. As nucleating bubbles were
generated and being confined, slug flow easily formed at lower wall temperatures in the
mini-channel and resulted in a higher heat transfer coefficient.
1 Introduction:
Since Tuckerman and Pease did their pioneering experimental study of micro-channel
heat transfer in 1981, the micro-channel has been found useful in many fields. Many
scientists have studied it further to take advantage of its high heat transfer rates. It was
found that the characteristics of the small-channels provide a very high ratio of surface
area to volume, low thermal resistance, small volume, low total mass, and low inventory
of working fluids. Additionally, a small channel leads to a very high heat transfer
coefficient since it varies as a negative power of the hydraulic diameter of the passage.
Thus, mini-channels tend to have high heat transfer coefficients, leading to high-
performance curves on the heat transfer-friction power plot, despite the influence of small
hydraulic diameter on the pumping power.
The literature dealing with heat transfer and flow characteristics in small channels is
replete with terms describing channel size (e.g., micro-, meso-, and macro-, etc.). There is
no unique hydraulic diameter identifying the beginning of the "micro"-channers range.
In this paper, a mini-channel was defined as having a hydraulic diameter ranging from
lum to lOOum, and a meso-channel or mini-channel having a range of lOOum to 1mm.
A channel with a hydraulic diameter ranging from 1mm - 6mm was defined as a macro-
channel, and anything larger than 6mm was considered a conventional channel.
The heat transfer performance of the mini-channel is similar to the conventional channel
but the capillary phenomena have a very important role in the two-phase region.
1.1 Single-Phase Flow
In the single-phase region, no phase change occurs since the wall temperature usually is
less than the fluid saturation temperature. The mechanism of the heat transfer
performance is convection, mainly forced convection of fluid flow over the channel. In
this region, surface friction and the convection transfer rates depend strongly on whether
the boundary layer is laminar or turbulent. In the laminar boundary layer, fluid motion is
highly ordered and it is possible to identify streamlines along which particles move. In
contrast, fluid motion in the turbulent boundary layer is highly irregular and is
characterized by velocity fluctuations. These fluctuations enhance the transfer of
momentum and energy, hence increasing surface friction as well as convection transfer
rates. Also, the fluctuations creating a turbulent boundary layer, provide velocity,
temperature and concentration profiles, which are thinner and flatter than in laminar flow.
1.2 Two-Phase Flow
In this region, boiling occurs since the wall temperature is higher than the local fluid
saturation temperature. The mechanism of the heat transfer is bubble formation at the
inner surface of the heated wall, on which, a liquid is flowing. Bubble growth and
separation are strongly influenced by the flow velocity.
Once the bubbles that appear at the surface grow and are carried into the main stream of
the liquid, there is a sharp increase in the convection heat transfer coefficient, which is
associated with this bubbly flow regime. As the volume fraction of the vapor increases,
individual bubbles coalesce to form slugs of vapor. This slug-flow regime is followed by
an annular-flow regime in which the liquid forms a film. This film moves along the inner
surface, while vapor moves at a higher velocity through the core of the tube. The heat
transfer coefficient continues to increase through the bubbly flow and much of the
annular flow regimes, however, dry spots eventually appear on the inner surface, at which
point, the convection coefficient begins to decrease. The transition regime is
characterized by the growth of the dry spots until the surface is completely dry and all
remaining liquid is in the form of droplets appearing in the vapor core. The convection
coefficient continues to decrease through this regime. There is little change in this
coefficient through the mist-flow regime, until the point at which all the droplets are
converted to vapor. The vapor is then superheated by forced convection from the surface.
The mechanism of two phase flow heat transfer performance in the mini-channel is
similar to the conventional channel (D>3-5mm). Due to capillary phenomena, however,
when the individual bubbles are generated at the heated wall, they grow easily to the size
of the channel cross-section, and develop into flow patterns.
1.3 Applications
Mini-channels as well as micro-channels can be used in many fields such as fuel cell
development, the electronics industry, high-energy lasers, avionics systems, central
processing units for computing systems, and many other areas.
2 Preview Study
2.1 Single-Phase Studies
In this section, the single-phase characteristics in the trapezoidal channels, rectangular
channels and circular channels will be discussed. The summarized specific information of
the studies is presented in Table 2.1.
Wu and Little (1983) used trapezoidal micro-channels to determine the friction factors of
the flow of gases. The micro-channel width varied from 136 to 200um, and the depth
from 28 to 65u.m with a relative surface roughness (based on peak-to-valley surface
roughness height, e) between 45 to 83um. Their studies revealed that the friction factor
was influenced by the channel roughness even in laminar flow. This result is due to the
changes in flow cross section caused by the large roughness. For laminar flow, the ratio
between the value of the experimental friction factor and the theoretical value, (f/fiam)>
was found to lie in the range 1.3 (smoother channels) to 3.5 (very rough channels,
e/Dh=0.3). Another observation was that, the rougher the surface of the channel, the
earlier the transition from laminar to turbulent flow (350<Rec<900). Moreover, the
normalized friction factor f/fturb for turbulent flow (400<Re<15000) ranged between 1.1
(almost smooth channels) and 5 (very rough channels, e/Dh = 0.3). Up to a Re = 15000,
the complete turbulence zone in which the friction factor is independent of the Re (as
shown in the Moody chart) was not found. As is evident from this study, the surface
roughness is important to the pressure drop and heat transfer in very small channels.
Accurate measurements of surface roughness are necessary to correctly interpret the data.
They did not measure the surface roughness directly, but estimated it using the Karman
equation for the complete turbulence zone.
Wu and Little (1984) measured heat transfer characteristics for the flow of nitrogen gas in
heat exchangers used for micro-miniature Joule-Thomson refrigerators. The test section
was a trapezoidal channel, and the Dh of the channels ranged from 134 to 164 um. The
transition zone from laminar to turbulent is at Re ranging from 1000 to 3000. The average
h (based on the fluid inlet and outlet temperatures) was found to be larger for the
channels with heat coming from two sides than for the channel with heating from only
one side. Nusselt numbers in laminar flow region (Re<600) were lower than the
predictions of standard correlation. For 600<Re<1000, Nusselt number was higher than
the conventional predictions. They used asymmetrically rough channels and compared
their results to a correlation for smooth tubes.
Peng et al (1994). investigated the flow characteristics and the forced-flow convection of
water though rectangular channels having hydraulic diameters of 133-367um and aspect
ratios (HAY) of 0.333-1. The measurements indicated that the upper bound of the laminar
heat transfer regime occurred at a Re of 200 to 700 and fully turbulent convective heat
transfer regime was reached at a Re of 400 tol500. The transition Re decreased with the
reduction of the meso-channel dimensions. For the laminar heat transfer regime, the
Nusselt number was found to be proportional to Re062. However, it should be noted that
because Peng et al. based h on the inlet fluid temperature, the expectation of a constant
Nusselt number is not justified. The turbulent heat transfer data exhibited a relationship
between Nu and Re similar to that found in Dittus-Boelter, but with a different empirical
coefficient. Geometric parameters were found to significantly affect the heat transfer
characteristics. The experiments indicated that the laminar convective heat transfer had a
maximum value when H/W-0.75. The turbulent heat transfer was optimal when the
0.5<HAV<0.75. For H/W around 0.5 in small channels, the experimental friction factor
was found to be less than the theoretical value. For other aspect ratios, decreasing the
micro-channel size resulted in a flow resistance that was higher than the predicted value.
2.2 Two-Phase studies
In this section, the two-phase characteristics in the V-shap channels, rectangular channels
and circular channels will be discussed. The summarized specific information of the
studies is presented in table 2.2.
Experimental study was conducted by Peng, Hu and Wang (1998) to study the flow and
boiling heat transfer characteristics of water and methanol flowing through V-shape
micro-channels. The micro-channels have hydraulic diameters ranging from 0.2 to 0.6
mm and V-shape groove angles 9 of 30 to 60. The fluid Re is from 210 to 630. They
indicated that decreasing the micro-channel hydraulic diameter delayed boiling initiation,
increased heat transfer coefficient, and increased the pressure drop. The experiments also
showed that there exists both an optimum hydraulic diameter and an optimum groove
angle. The visualization experiments found that, if there was a good seal between the
glass cover and the micro-channeled test plate, no bubbles were observed in the micro-
channels for flow boiling with heat fluxes as high as of the order of IO6 W/m2, at which
fully nucleate boiling with a large number of bubbles would be expected in conventional
situation. Extremely high heat flux may cause fluctuating liquid flow and blockage of the
micro-channel inlet if a large number of bubbles form in the inlet plenum.
Ravigururahan (1998) studied two-phase flow heat transfer characteristics of refrigerants
in micro-channel heat exchangers. The test channels were 1mm depth and 270um width,
Two channel configurations were tested: parallel and diamond. Subcooled boiling testes
were performed on the diamond arrangement alone, h increased on increasing the flow
rate flow inlet subcooling greater than 8C and decreased from 12000 to 9000 W/m2K
when the wall superheat was increased from 10C to 80C. Similar trends were observed
for the heat flux. In saturated flow boiling, h higher than for macro-scale channel flow
was obtained (Nu/Nuconv =2.7 with respect to the Chen (1966) correlation at a wall
superheat of 10C). The saturated flow boiling experiments were conducted with an
average inlet subcooling of 5C. h decreased with increasing vapor quality. For flow rates
exceeding 125ml/min, the h remained approximately constant in the diamond channel
heat exchanger. A rapidly with an increase in h, decreasing marginally when the heat flux
was reduced and increasing with an increase in the vapor quality. One possible
explanation for this apparently counterintuitive result is the trend of increasing heat flux
with increasing wall superheat. Coupled with the weak dependence of the pressure drop
on the pre-critical heat flux, this leads to higher h at decreased pressure drops.
Bowers and Mudawar (1994) studied pressure drop and CHF for R-113 flowing through
multi-port circular channels with hydraulic diameters of 2.54mm and 510um. Different
inlet subcooling and flow rates were studied. The study revealed flow boiling as an
effective means of achieving high heat fluxes (q>200 W/cm2), coupled with low flow
rates (Q<65 ml/min) and low pressure drop (AP < 0.35 bar). The CHF did not exhibit
dependence on the inlet subcooling at low flow rates, which was attributed to the fluid
reaching saturation temperature a short distance into the heated section of the channel.
The authors also modeled the pressure drop through the channels using a homogeneous
two-phase flow assumption, and were able to predict the pressure drop within 30%. For
the 510um micron heat sink, acceleration accounted for about 75% of the total pressure
drop, compared to approximately 90% for the 2.54mm heat exchanger. These results are
not surprising, considering the low mass velocities, resulting in relatively low frictional
losses.
Mertz, Wein and Groll (1996) investigated flow boiling heat transfer in narrow channels.
The channels are 1mm, 2mm, 3mm wide with aspect ratios of up to 2. The experiments
are carried out in the flow-boiling mode in vertical orientation. Water and R141b are used
as working fluids. Their experiments are carried out under saturation conditions at
pressures of 1 bar and 2 bar. Mass fluxes of 50 kg/m2s, 100 kg/m2s and 300 kg/m2s are
employed. Their experiments showed that for all tested speci-men the boiling
performances are very similar. Best result were obtained for channel aspect ratios of 2x4
and at higher saturation pressure (2bar) gives better results. Optimum mass flux seems to
exist between about 200-300 kg/nrs. The visualization experiments found that, with
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increasing heat flux, the boiling in the channels follows the well-known sequence from
generation and flow of isolated bubbles to generation of confined bubbles and slug flow
and further to annular flow. Depending on the different channel geometries the heat flux
range varies for deferent channel geometry the heat flux range varies for different boiling
modes. For working fluid water and geometry with wide and deep channels (M3x3,
M2x4) a distinct nucleate boiling occurred, which changed to confined bubble formation
and then to annular flow. For test sections with smaller channels the lifetime of the single
bubbles decreased, and for some test sections like Mlx2 and Mlxl it was very difficult
to observe single bubbles. For working fluid R141b smaller bubbles occurred, and the
flow boiling pattern changed already at low heat fluxes to confined bubbles and them to
annular flow. Also for test sections with wider and deeper channels the annular flow
regime was reached at low heat fluxes and existed nearly during the whole experiment
from low to maximum heat fluxes. For single-channel, the flow boiling phenomenology
was very similar to that in the multi-channel configuration.
Kamidis and Ravigururajan (1999) investigated single and two-phase refrigerant flow in
mini-channels. The study seeks to examine the flow characteristics of channels in the 1 to
5mm diameter ranges. Four heat sinks with micro-channel diameters of 1.59mm,
2.78mm, 3.97mm, and 4.62mm respectively have been tested for Reynolds numbers
ranging from 190 to 1250. They obtained that for all test sections there is a transitional
region in the 250-500 region for Reynolds number with the pressure drop initially
decreasing and them exponentially increasing with increasing Reynolds number. The
pressure drop is increasing with decreasing diameter size for a given Reynolds number.
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The heat transfer coefficients increased gradually with Reynolds number and decreasing
channel size. They also found that the critical heat fluxes of 26 W/cm2 were obtained for
two-phase flow for a wall temperature difference of 18C.
Wei Tong and Arthur E. Bergles and Michael K. Jensen (1997) investigated pressure
drop with highly subcooled flow boiling in small-diameter tubes. The experiments were
carried out with tubes having inside diameters ranging from 1.05 to 2.44mm. Mass fluxes
ranged from 25,000 to 45,000 kg/m2s, exit pressures from 4 to 16 bar, and inlet
temperatures from 22 to 66C. Two length-to-diameter ratios were tested. These
conditions resulted in critical heat flux levels of 50-80 MW/m". Their experimental
results indicate that mass flux, tube diameter, and length-to-diameter ratio are the major
parameters that alter the pressure-drop curves. Both single- and two-phase pressure drops
increasing internal diameter. Inlet temperature and exit pressure has been shown to have
significant effects on two-phase pressure drop but very small effects on single-phase
pressure drop. They also correlated both single-phase and subcooled boiling pressure
drops in small-diameter bubbles under different heat-flux conditions.
2.3 Flow Pattern:
Kuznetsov V.V., Shamirzaev A.S (1999) studied two-phase flow pattern and flow boiling
heat transfer in non-circular channel with a small gap. The channel is 0.9mm-annulus gap
with length equals to 0.4m. The working fluid is R318C. They found that flow boiling in
confined space is characterized by strong influence of the capillary forces on flow
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pattern. For subcooled boiling the detachment size is less than the gap size. For saturated
flow boiling the bubbles trend to amalgamation and it forms the flow with confined
bubbles (Taylor bubbles), cell flow (annular-slug flow) and annular flow. Liquid plugs at
cell flow collect the disturbance waves and the entertainment was not observed. The total
boiling suppression occurs for a film thickness less than 40 micrometers. That value is
close to the bubble departure diameter was observed for flow boiling in film. For a film
thickness less than critical one the forced convection occur with a small heat transfer
coefficient. The crisis of the heat transfer was observed for a complete liquid evaporation
on the heated wall.
K. A. Triplett, S. M. Ghiaasiaan, S. I. Abdel-Khalik, D. L. Sadowski (1999), using air
and water experimented circular micro-channels with 1.1, 1.45mm inner diameters and
semi-triangular cross sections with hydraulic diameters 1.09 and 1.49 mm. The gas and
liquid superficial velocity ranges were 0.02-80 and 0.02-8 m/s. Five major flow patterns
was found in their experiments: bubbly, slug, churn, slug-annular and annular shown in
figure 15. With increasing UGs (which leads to increasing void fraction) the bubbles
crowded near the channel top and eventually led to the development of the slug flow. At
high liquid superficial velocities ULs with increasing the mixture volumetric flux churn
flow was established and also led to longer bubbles and shorter liquid slugs, eventually
leading to the merging of elongated bubbles and development of the slug-annular flow
pattern. With further increasing UGs, these large amplitude solitary waves disappear and
an annular flow pattern.
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K. E. Kasza, T. Diascalou, and M. W. Wambsganss (1997), investigated microscal flow
visualization of nucleate boiling in small channels: mechanisms influencing heat transfer.
Horizontal rectangular channel with cross sectional dimensions of 2.5 x 6.0mm and with
500mm long was used as test section. They used video camera and furnish the high
picture tats and magnification needed to achieve temporal and spatial resolution of
nucleate bubble growth and behavior the channel. They presented for high and medium
heat flux (q=110KW/m2, mass flux = 21kg/m2s) boiling, individual nucleation vapor
bubbles and bubble/bubble interactions, when confined in a small channel, produce very
intense mixing of the channel flow because of the rapid bubble growth dynamics and
increased nucleation frequency. When large vapor slugs are formed at higher fluxes and
move through the channel, thin liquid wall films that are formed cause both bubble size
and generation frequency to increase at wall nucleation sites. The nucleate boiling heat
transfer characteristics are exhibited over a very wide range of conditions in small
channels and produce higher heat transfer coefficients that those found in large channels.
Lin et al. (1998) present pressure drop characteristics associated with different flow
patterns observed during air-water flow in 2.1 mm diameter glass tubes. They observed
significant pressure drop fluctuations for annular flow, with pressure drop value
fluctuating between 0 and 6000 Pa for a gas velocity of 4.309 m/s and a liquid velocity of
0.145 m/s. They did not observe annular-slug flow pattern over the range of parameters
tested in their experiments. They also presented a comprehensive table showing flow
pattern investigations prior to 1996 in a single small diameter channel.
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Cornwell and Kew (1996) observed flow pattern during evaporation of R-113 in two
parallel multi-channel geometries: 75 channels, 1.2 mm wide x 0.9 mm deep, and 36
channels 3.25 mm wide and 1.1 mm deep. They observed that there were considerable
fluctuations in heat transfer as well as flow behavior. They identified three flow patterns:
isolated bubble, confined bubble, and annular-slug. Isolated bubbles were small bubbles,
which move in the liquid, while confined bubbles completely filled the flow cross-section.
For each region, they developed a heat transfer correlation scheme.
Hestroni et al. (2000) studied the evaporation of water in multi-channel evaporators
consisting of 21-26 parallel flow passages. They observed periodic behavior of the flow
patterns in these channels. The flow changed from single-phase flow to annular flow
with dryout in some cases. The dry-out, however, did not result in sharp increase in the
wall temperature. This clearly indicates that there is still some evaporating liquid film on
the channel walls that could not be observed from the video images. They also reported
the presence of vapor phase in the inlet plenum. The channel dimensions studied by
Hestroni et al. are around 0.103-0.129 mm in hydraulic diameter.
15
Table 2.1 Summary of single-phase studies
Author Wu and Little Wu and Little
Year 1983 1984
Experimental
Condition
Re: 100-15000 Re: 400-20000
Channel Geometry Trapezoidal Trapezoidal
Channel Size
(microns)
28x133, 36x149 89x312,97x572
Dh (microns) 45.5-83.1 134- 164
Surface Roughness 0.05 - 0.30 0.01
Test Fluid N2, H2, Ar N2
Orientation Horizontal Horizontal
HeatingMethod Not applicable Liquid nitrogen cooling
Phase Single-phase Single-phase
Rec 350 - 900 1000 - 3000
Pressure Drop:
f/fconv
1.1-5.0 Not studied
Heat Transfer:
Nu/NuConv
Not studied <1 at Re<650(lam)
>1 at 650<Re<1000(lam)
1.38-1.69 (turb)
Results The friction factor was influenced by
the channel roughness even in laminar
flow. The rougher the surface of the
channel, the earlier the transition from
laminar to turbulent flow.
The average h (based upon the
fluid inlet and outlet
temperatures) was found to be
larger for the channel with heat
coming from two sides than for
the channel with heating from
only one side.
Remarks High relative roughness Asymmetrically rough surfaces.
Data compared to smooth tube
correlation for laminar flow, h
based on Tin and Tout.
16
Table 2.1 Summary of single-phase studies
Author Peng and Wang
Year 1994
Experimental
Condition
Re: 50-4000
Channel Geometry Rectangular
Channel Size
(microns)
100x200
aspect radio: 0.333-1
Dh (microns) 133
Surface Roughness Not reported
Test Fluid Water r
Orientation Horizontal
Heating Method Electrical
Phase Single-phase
Rec 200
Pressure Drop:
f/fconv
0.47(lam)
0.03(turb)
Heat Transfer:
Nu/NuConv
<1 (lam)
0.41(turb)
Results The transition Re decreased with the reduction
of the meso-channel dimensions. Laminar:
NujuReO.62
Remarks Significant effect ofH/W, Dh on f,h. Smaller
Dn=> lower Rec and lower transition ranger, h
based on Tin, which could possibly explain the
low h except for Dh=240mm.
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Table 2.2 Summary of Two-phase studies
Author Peng and Wang Ravigurautajan
Year 1998 1998
Experimental
Condition
Re: 210 -630 Re: 4656-39900
Channel
Geometry
V-shape Rectangular, diamond
Channel Size
(microns)
H: 486-1459
W: 261-782
9: 30~60(degree), 6
1000x270
Dh (microns) 200 ~ 600 425
Surface
Roughness
Not reported Not reported
Test Fluid Water, Methanol R124
Orientation Horizontal Horizontal
HeatingMethod Electrical Electrical
Phase Two-phase Two-phase
Rec Not reported Not reported
Pressure Drop:
f/fconv
Not studied Not reported
Heat Transfer
Coefficient:
W/m2K
h:3xl03~3xl04 Not reported
Results Decreasing the micro-channel
hydraulic diameter delayed boiling
initiation, increased heat transfer
coefficient, and increased the
pressure drop.
h increased on increasing the flow
rate for inlet subcooling greater than
8C and decreased from 12000 to
9000 W/m2K when the wall
superheat was increased from 10C
to 80C.
Remarks No bubbles form in the micro-
channel even when the heat flux is
very high if there is a good seal.
For flow rates exceeding 125ml/min,
h remained approximately constant
in the diamond channel.
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Table 2.2 Summary of Two-phase studies
Author Bowers and Mudawar Mertz, Wein and Groll
Year 1994 1996
Experimental
Condition
Re: 86-768 Pressuenlbar, 2bar
Mass fluxes: 50, 100,
200, 300 kg/m2s
Channel
Geometry
Circular Rectangular, Half circular
Channel Size
(nun)
2540,510 1,2,3
Aspect ratios: 1-3
Dh(mm) 2540,510 1-3
Surface
Roughness
Not reported Not reported
Test Fluid R113 Water and R14 lb
Orientation Horizontal Vertical
HeatingMethod Thick film resistor Electrical resistance
Phase Two-phase Two-phase
Rec Not reported
Pressure Drop: 0.7- 1.3 Not reported
Heat Transfer
Coefficient:
W/m2K
Not reported h:500~4000
Results Maximum critical heat flux
decreases as D decreases. A
correlation for critical heat flux was
proposed.
Similar boiling performances. Best
result: aspect ratios of 2 '4. Higher
saturation pressure better. Optimum
mass flux seems to exist between
about 200~300Kg/m2s.
Remarks High heat flux couples with low
flow rate and low pressure drop.
Flow form isolated bubbles to
confined bubbles and slug flow and
further to annular flow.
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Table 2.2 Summary of Two-phase studies
Author Kamidis and Ravigurautajan Wei Tong, A. E. Bergles
Michael K. Jensen
Year 1996 1997
Experimental
Condition
Re: 190 - 1250 Pressure: 4 to 16 bar
Mass fluxes: 25,000 to 45,000
kgmA.
Channel Geometry Circular Circular
Channel Size (nun) 1.59,2.78,3.97,4.62 1.05-2.44
Dh(mm) 1.59-4.62 1.05|~2.44
Surface Roughness Not reported Not reported
Test Fluid Refrigerant Distilled water
Orientation Horizontal Vertical
HeatingMethod Electrical resistance Electrical resistance
Phase Two-phase Two-phase
Rec 250 - 500 3000-20000
Pressure Drop: 0.5bar 1.5-6.0 bar
Heat Transfer
Coefficient: W/m2R
h:500-1600(single)
l.lxl04(two-phase)
Not reported
Results h increased gradually with Re
and with decreasing channel size.
h and qCHF increased with
increasing flow rate for two-
phase flow
Pressure drop for both single- and
two-phase flow is proportional to
mass flux and length-to-diameter
ratio, but inversely proportional to
tube diameter.
Remarks Critical heat fluxes of 26 W/cm2
were obtained for two-phase
flow for wall temp. 18 C
Correlation of prediction single- and
two-phase friction pressure drop in
small diameter tubes was obtained to
design of cooling systems of
accommodate high heat fluxes..
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Table 2,3 Summary of flow pattern studies:
Author Wambsganss, Barajast and Kasza,
Jendrzejczyk, and Panton Diascalou, and
France Wambsganss
Year 1990 1993 1997
Experimental Mass flux: Gas velocity: Mass flux; 21
Condition 50-2000kg/m2s 0.1~150m/s kg/m"s
q:
110kW/m2
Channel Geometry Rectangular Circular Rectangular
Channel Size 19.05x3. 18mm i.d: 1.6mm, 2.5x6.0x500mm
Aspect ratio: 6-1/6 300mm long
Dh 5.47mm 1.6mm 3.53mm
Test Fluid Air and water Air and water Water
Orientation Horizontal Horizontal Horizontal
Heating Isothermal Isothermal Electrical
Method
Phase Two-phase Two-phase Two-phase
Pressure Drop Not studied Not reported Not reported
Heat Transfer - - Not reported
Flow Pattern Plug flow, Plug flow, slug Bubble flow.
bubble flow, slug flow, flow, rivulet flow. slug flow
wave flow, annular flow annular flow,
bubble flow,
dispersed flow
Remarks The small channel A new flow Thin liquid-wall
dimensions did not pattern: rivulet films that are
suppress bubble flow. flow was found. formed cause
6>>90, the contact both bubble size
angle had a and generation
significant effect frequency to
for transition increase at wall
boundaries. nucleation sites.
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Table 2.3 Summary of flow pattern studies:
Author Lin, Kew, and
Cornwell
Kuznetsov and Shamirzaev
Year 1998 1999
Experimental
Condition
Mass flux: l-lOOOOkg/m's Mass flux:
200-900 kg/ m2s
q:2~110kW/nr
Channel
Geometry
Circular Annulus
Channel Size i.d: 2.1mm,
470mm long
0.9mm-annulus gap
400mm long
Dh 2.1mm --
Test Fluid Air and water R318C
Orientation Vertical Horizontal
Heating
Method
Isothermal Electrical
Phase Two-phase Two-phase
Pressure Drop Fluctuation range:
Slug:-4255~8511Pa/m
Chum:-4255~6383Pa/m
Annular:-4255~14894Pa/m
Not studied
Heat Transfer tWured: l~20kW/m-K
Flow Pattern Slug flow, churn flow, annular flow Confined bubble flow, Cell flow.
Annular flow
Remarks Existing flow maps available for flow
regimes in small tube except the
boundaries
The capillary forces define the
flow pattern. Decreasing of the
film thickness leads to suppression
of boiling heat transfer and a
transition from boiling heat
transfer to forced convection.
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Table 2.3 Summary of flow pattern studies:
Author Triplett, Ghiaasiaan,
Abdel-Khalik, and Sadowski
Hetsroni, Segal, and Mosyak
Year 1999 2000
Experimental
Condition
Gas velocity: 0.02~80m/s
Liquid velocity: 0.02~8m/s
Re: 20-70
q: 80-360 kW/m2
Channel
Geometry
Circular, semi-triangular Triangular (Parallel Multi channel
n= 21,26)
Channel Size 1.1, 1.45mm for circular, 200mm long 15mm long, 8=55
Dh Circular: 1.1, 1.45mm, Semi-Tri:1.09,
1.49mm
0.129mm, 0.103mm
Test Fluid Air and water Water
Orientation Horizontal Horizontal
Heating
Method
Isothermal Electrical (uniform and
nonuniform)
Phase Two-phase Two-phase
Pressure Drop Not reported Not clear
Heat Transfer - Not clear
Flow Pattern Bubble flow,
churn flow. Slug flow,
slug-annular flow, annular flow
Periodic annular flow
Remarks Five flow patterns were distinguished in
small channel.
Periodic annular flow observed in
micro-channels. There is a
significant enhancement of heat
transfer during flow boiling in
micro-channels.
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2.4 Main Previous Studies Results
The main results of the previous studies are as follows:
Transition from laminar to turbulent flow at Re < 2300. Depending on Dh.
The surface roughness is very important to the pressure drop and heat transfer for the
small channels.
Condensation in meso-channel can be predicted by two-phase homogeneous flow
model.
Boiling h decreases as Dh decreases below 3mm. Further experiments are necessary.
In meso heat exchanger, the boiling heat transfer would be markedly different from
that in macroscale channels.
No information is available on fouling/scaling.
2.5 Unsolved Problems
The following is illustrated the unsolved problems.
Flow pattern (flow visualization for single-phase and two-phase flow)
Flow resistance characteristics
The effect of the surface roughness
In two-phase flow, the pressure-drop, the mal-distribution of phase in multi-port
micro-channel.
Surface tension and electrokinetic effects on heat transfer
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Correlation between each effectiveness factors especially pressure drop and heat
transfer
2.6 Objectives of the present study
To investigate experimentally flow characteristics especially pressure drop of the
mini-channel in single-phase and two-phase region
To study the heat transfer performance of single-phase and two-phase of the mini-
channel
To visualize the flow pattern of the mini-channel in the two-phase region
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3 Experimental Apparatus
3.1 Experimental Set up
In order to obtain qualified and reliable results, the experimental setup take a very
important role in this study. Figure 3.1 shows the experimental setup. The experimental
apparatus consistence of three subsystems: water loop, oil loop, and data acquisition unit.
3.1.1 Water Loop
The water loop is to provide a supply of distilled water at controllable flow rates to the
test section and to monitor the pressure, flow rate, and temperature of water flowing
through the test section. It consistence of water tank, gear pump, water flow meter,
pressure gage, test section, pressure transducer, condenser, pressure relief valve and a
control valve. Distilled water is stored in the water tank 1 (5-gallon) and is pumped by a
positive displacement pump, goes through the flow meter 6 then goes to test section 8,
passes through condenser 10 goes out. So the water loop is an opening loop. In this loop,
the bypass loop provides a means to control the flow rate of water through the test
section. The pressure relief valve and a control valve are to justify the water flow rate. By
using flow meter, thermocouples and pressure gage located in the inlet of the test section
obtain the water inlet temperature, pressure, and water flow rate. The temperature of the
exiting test section and the pressure drop during the mini-channel were measured by
thermocouples located in the exit of the test section and pressure transducer across the
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mini-channel. Condenser was used to cool the process water so the water can be drained
into a sink directly, and it is also can be instrumented to act as a calorimeter to determine
the amount of heat carried by the process water although it may be a fluid/vapor mixture.
3.1.2 Oil Loop
The oil loop is to provide a heat source for the test section. It is composed of an
expansion tank, oil pump, filter, flow meter, and oil-to-oil heat exchanger, electric heater,
and temperature sensor of the inlet and outlet of the oil channel and oil cooler. The oil
flows through the loop by the oil pump from the electric heater to the oil channel located
both side of the test section (up and bottom) directly, travels through the oil channel to
the regenerator (oil to oil heat exchanger), goes to the plat heat exchanger where the
remainder of the waste heat is transferred to the coolant water, then goes to oil pump,
flow meter to regenerator and finally to the electric heater. The oil was heated to a steady
temperature at a known flow rate and monitored across the test piece. The pump is
equipped with a bypass loop for flow rate control and provides oil flow through pressure,
temperature, and flow rate measuring devices to a shell and tube regenerating heat
exchanger (oil to oil heat exchanger). The shell and tube heat exchanger allows waste
heat from the oil leaving the test section to be used to preheat the oil entering the
immersion heater (oil heater). This provides higher system efficiency by allowing higher
steady state temperatures to be reached at lower power levels in the heater. The oil
temperature at inlet and outlet of the test section were measured by locating the
temperature sensors in the inlet and outlet of the oil channel. The oil can be cooled by the
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plat heat exchanger down to the room temperature so that it can protect the pump from
failure. The expansion tank helped releasing the expensed oil and the air coming from the
heated oil.
3.1.3 Test Section
The test section was consisted of two sides, oil side and water side. The mini-channel is
created in the water side. It consisted of 6 parallel mini-channels, with 1 mm square
nominal flow cross-sectional area, connected by the inlet and outlet headers were
considered in the present case. On the top and the bottom, located two oil channels to
provide heat for the mini-channel. The schematic set up is shown in figure 3.2.
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1 . Water tank
4. Damper
7. Pressure gage
10. Water condenser
13. Regenerator
16. Oil pump
19. Valve
2. Control valve
5. Pressure relief valve
8. Test section
11. Valve
14. Oil condenser
17. Oil filter
20. Valve
3. Pump
6. Flow meter
9. Thermocouples
12. Oil heater
15. Oil tank
18. Oil flow meter
Figure 3.1 Experimental set up
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Oil
Water
Oil
Figure 3.2 Overall Geometry of the Test Section
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3.2 Experimental Considerations
3.2.1 Test section
In order to reach the requirement of desired power dissipation from the mini-channel, the
maximum design water flow rate was 1.8 g/s through each channel resulting in a design
mass flux of 300 kg/m2 s. The number of channels was limited to 6 due to power
limitations of around 4 kW. From a fabrication standpoint, the spacing between the
channels was chosen to be 3mm.
A major issue that was considered in the design phase was boiling of water in the inlet
plenum. If the water entered the channel in saturated condition there was possibility that
water might boil in the inlet plenum before entering the channel. This would have
resulted in spurious readings. The oil side passages were designed so that it did not cover
the manifolds.
For the oil side test section, in order to increase oil side heat transfer coefficient, the
offset fin was applied on the channel surface. The major requirement of the oil side is the
oil inlet temperature of 170C and outlet temperature of 220C.
Mini-channel test section specifications
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The initial analysis of the channel, dimensions considered are of a square channel
lxlmm. In order to obtain the length of the channel, the following assumptions were
defined.
1. Mass flux (G) for water:
300kg/m2
s
2. Channel dimensions (a): lxlmm
3. Number of channel n: 6
4. Heat fluxq:2xl06W/m2
5. The pressure of the entire system is lbar.
6. The solution is under the steady state condition. Uniform flow applied in the entire
system.
7. Water comes out from the channel becoming totally steam, meanwhile the quality in
the exit is x=l.
According to the above assumptions, the following results were obtained.
Latent heat of vaporization (hfg): 2256.9 kJ/kg K. Density of saturated water is 958.3
kg/nr.
The total cross-sectional area for 6 channel of lxlmm is,
Ac = a2n = 6xl(T6m2 (3.1)
The mass flow rate of water:
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y.=GAr (3.2)
The heat transfer rate is given by:
The total heat transfer rate can be defined as,
Q = rhwhfg (3.3)
Where,
Then
Q = qAs (3.4)
A =4nbL (3.5)
L = -^- = 85mm (3.6)
4qnb
Based on the above result, the channel length of 120mm was chosen in the present case.
In order to obtain the effect of channel length, the channel with 60mm long was also
studied. The detail geometry of the mini-channel with design size of 1x1x120 and
1x1x60 are shown in figure 3.3.
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45mm
1mm lmm
Figure3.3 The geometry of the mini-channel ofwaterside
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In oil side, in order to meet the requirement of oil inlet temperature of 220 C and outlet
temperature of 170 C, the offset fin was employed to enhance the oil side heat transfer
coefficient. The offset fin size of 0.001905mm fin length, width of 0.001588mm, height
of 0.003073mm and the fin thickness of 0.000102mm. The detail of the fin geometry was
shown in figure3.4 and figure 3.5. The material of the fin as well as the base plate of the
oil channel was made by stainless steel.
r s -m
Figure 3.4: Geometry of the offset fin in oil side
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Figure 3.5 Unit cell of fin geometry
3.2.2 Design ofWater Loop
The water loop was design based on the specification of the test section. It include of
water pump, water flow meter, pressure transducer and heat exchanger. The main part is
to choose the water pump and pressure transducer.
3.2.2a Pump Calculations:
The pressure drop of the entire water loop is the key of choosing the water loop pump. It
consists of pressure drop during the straight pipe, elbow, valve, heat exchangers and the
test section. It was calculated as follows,
The total pressure drop:
36
AP = APtube+APhx-rAPtest (3.7)
The pressure drop of the entire pipe:
i 2
^f=4x/xl-xpx^- (3.8)
The pressure drop of the test section (water channel):
APtest=4xfxxpx^y (3.9)
In the present case, the pipe diameter: l/2in with length of 8m was defined, so the ratio of
L 4
the length in pipe diameter is, :
D 0.0127
For valve the equivalent length in pipe diameter, = 13
For the Elbow, the equivalent length in pipe diameter, = 30
The pressure drop of each heat exchanger is approximately 7 kPa.
The friction factor of the pipe can be defined as fully developed flow in the tube, so the
following functional relationship can be obtained for either laminar or turbulent flow:
f=<P(Re^) (3.10)
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The relationship between f, Re and e/D is shown in figure3.6 from Moody's experimental
data for fully developed flow.
The Reynolds number can be defined as:
Re
V jU
The velocity is given by:
m
u -
pxAc
The crass-sectional area of the pipe on the water side Ac
Then, the Reynolds number of the pipe becomes:
(3.12)
Ac = (3.13)
R= ^- = 3802.3>2300 (3.14)
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The flow in the water loop is the transition from laminar to turbulent flow. In this region,
the friction factor was affected by surface roughness. For commercial steel the surface
roughness (e/D) is 0.0046. From figure 3.6, the friction factor is 0.042.
Similarly, the Reynolds number of the mini-channel is 642. The flow in the mini-channel
is laminar flow. In the laminar region, existing empirical data on the frictional pressure
drop within circular tubes can be correlated by a simple relationship between f and Re,
independent of the surface roughness given from figure 3.6 as:
/=|i = 0.10 (3.15)
From the above, the total pressure drop is given:
2
L
AP =4x/xpx-^-xI- + A/'/LV + APtest =9.\kPa (3.16)
In the present case, the gear pump of 200 Pa was selected since a large pressure drop will
obtain in two-phase area.
3.2.2b instrument selection
The flow meter was chosen in the range of 1- 150mm to meet the flow rate requirement of
the system.
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The pressure transducer was selected wet/wet differential transducer with the range of 0-
5psi.
The shell-tube condenser was applied in the water loop to cool the heat water from the
mini-channel. The traditional method was applied to design the condenser. The detailed
design process was attached in Appendix B.
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3.2.3 Design of the Oil Loop
3.2.3a Oil Loop Specifications:
The oil side calculation is based on the water side issues. For the oil side, the following
assumptions were considered.
1. The inlet temperature of the oil channel: 220C
2. The outlet temperature of the oil channel: 170C
3. Steady state
Requirement: pump limitation temperature of 80C
The mean temperature of the inlet and outlet: 190C. Based on the mean temperature, the
special heat Cp of the oil is 2626.69 J/kg.
The energy content on the oil side:
Qoa=Qater=<aCPoilAToil (3.17)
The mass flow rate of the oil loop:
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mnil = (3-18)
C AT C (T -T ,
3.2.3b Oil Side Pump Calculations:
The pressure drop of the entire oil loop is the key of choosing the oil loop pump. It
consists of pressure drop during the straight pipe, elbow, valve, heat exchangers and the
test section of the oil side. Similar calculations except the test section of the oil side were
applied. The Reynolds number of the oil loop is 1056.2<2300 by using the pipe diameter
of 12.7mm with the length of 8m. In the oil loop, the flow is laminar flow. The friction
factor is 0.0151. The pressure drop of the entire loop except the test section is lOkPa. In
the present case, the pressure drop of the oil side test sections consistent of three parts. At
the entrance, the oil goes to the oil channel brazed off-set fin from the oil loop through
the channel. At the exit, the oil goes out from the channel to the tube. Figure 3.7 shows
the entrance pressure drop and exit pressure rise in a heat exchanger core. The pressure
drop at the expansion part 1-1 to a-a and contraction part 2-2 to b-b.
The pressure drop at the entrance and exit is defined as:
-=^(l-a) +Kc (3.19)AP]
V~
,, .. V
P ^SC 2gc
AfS V2 V2
--
.(l-ff)-jr JL. (3.20)
P 2Sc 2gt
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Kp expansion loss coefficient
Kc: contraction loss coefficient
V: velocity (m/s)
AP] : the entrance pressure drop
AP2: the exit pressure drop
a: ratio of free-flow area to frontal area, Ac/Afr, dimensionless
The pressure drop for the entire part of the compact heat exchanger is given by solving:
AP = AP, + APf. + AP3 (3.21)
APC=4/-L-^- (3.22)
dh 2
dh: hydraulic diameter of the compact heat exchanger channel, dh=2.38mm
L: the total length of the compact heat exchanger channel
f : friction factor of the entire channel
APC: pressure drop of the channel
Where, the velocity V corresponds to the minimum cross-section area in the channel is
given,
rh
V = (3.23)
(s-t)h
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Where mass flow rate rh is the mass flow rate between two fin plates.
1 a b 2
Air flow
Figure 3.7 Entrance pressure drop and exit pressure rise in a heat exchanger core
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The friction factor f can be obtained from figure 3.8 shown as the following.
10 100 1000
Reynolds Number
10000
Figure 3.8 the effect of Reynolds number on fraction factor
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The Reynolds's number is calculated based on the traditional method. It is given by,
pVDhRe=- (3.25)
Where p is oil density, V is the maximum velocity in the channel based on the cross-
sectional area. Dh is the hydraulic diameter.
Based on the above equation, the total pressure drop of the entire oil loop is lOKPa. In
the present case, the Precision Pumps, which can put out the pressure of approximately 2
to 2.5 Bars and flow rate of 0.3 kg/s was used.
3.2.3c Heat Exchangers
In order to meet the pump limitation temperature under 80C and save energy, the
following heat exchangers were employed.
Electric Heat Exchanger
At start up conditions, the unit requires approximately 14kW of energy to produce the
desired temperature in a reasonable amount of time. This calculation is base on an
entering oil temperature (EOT) of 20 C (70 F) and a leaving oil temperature (LOT) of
220 C (428 F) at a flow rate of 0.03 kg/s (.63 gpm).
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A Tempco Electric heat exchanger was used for this application. The overall dimensions
and manufactures details of the unit can be seen in Appendix C. As stated earlier, the
micro-channel requires approximately 4kW of energy, the electric heat exchanger was
scheduled for 14kw to accommodate load of the start up conditions. The system should
take approximately 30 minutes at a worst case scenario to heat up to the desired
temperature (see calculations in Appendix B).
Oil to Oil Heat Exchanger
The Oil to Oil heat exchanger plays an important role in saving energy and controlling
the temperature in the loop.
In order to meet the small mass flow rate requirement of the loop, a small heat exchanger
is necessary to obtain more accurate flow rate. A micro heat exchangers made by Exergy
Inc. manufactures was fitted perfectly to this application. The unit was chosen, has an
efficiency of 0.58. It can transfer 6.4kW of energy. As seen on heat exchanger layout
(See Appendix C) the unit only has a
1" diameter and is approximately
12" long. This is
an amazing amount of heat transfer for such a small unit. The unit also has a pressure
drop of 0.54 kPa on the shell side and 0.21 kPa on the tube side.
Water to Oil Heat Exchanger
The water to oil heat exchanger was designed for a few reasons. The first was to reduce
the oil temperature to a safe level for human interaction. Safety is a big issue and the
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design team does not need 220C oil throughout the system. The next reason for its
existence is to stabilize the system. If the oil to oil heat exchanger were used alone, the
entering oil temperature on the cold side would begin to approach the entering oil
temperature on the hot side. This would produce an unstable system.
Expansion Tank
An expansion tank was sized to allow for the expansion of the Paratherm oil when it
reaches its high temperatures. The Paratherm has an estimated expansion rate of
approximately 4% per 100 F.
3.3 Data Acquisition
The data acquisition system used is Labview. It is made up of several hardware and
software components. The hardware components consist of the K-type thermocouples
and the pressure transducer power. The K-type thermocouples used to measure the micro-
channel and system temperatures, signal conditioning devices, a PCI card, and a PC.
Pressure transducer used to measure the pressure drop through the mini-channel.
Software components consist of the LabView program, the NI-DAQ configuration utility,
and the NI-DAQ channel wizard.
The K-type thermocouples are from Omega, with two types used throughout the system.
Thin-wire thermocouples, with no shielding, were used on the micro-channel test
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sections, due to space requirements (the thermocouples needed to be mounted to small
grooves in the test section, such that a flat surface for the heaters could be maintained).
Shielded thermocouples were used on the other parts of the system, such as to monitor
the oil temperature.
The signal conditioning devices include, a SCXI chassis, two SCXI analog input
modules, two SCXI terminal blocks, two thermocouple junction boxes, and a PCI card.
The thermocouples connect into the junction boxes, which then lead to the SCXI terminal
blocks. The terminal blocks are connected to the SCXI analog input modules, which are
housed inside of the SCXI chassis. The junction box allows the thermocouples to be
moved easily. The analog input modules read the potential voltage signal from the
terminal blocks, while the chassis coordinates and gathers the signals from the modules.
The analog signal is sent to the PCI card inside of the PC and handles the analog-to-
digital conversion. The PC then reads the digital signals into the LabView software.
The NI-DAQ configuration utility configures the signal conditioning hardware, such that
LabView can read the signal. The NI-DAQ channel wizard sets the channel number for
each thermocouple in the terminal block. There are 32 channels per terminal block, while
only 18 are used for the thermocouples in the present study. Finally, LabView is
programmed to receive the signals, display output in real-time, and log the data as
needed. Through the LavView, the entire experimental system was controlled and
monitored accurately.
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Description ofDAQ Used:
Hardware:
Component Quantity Model Number Company Function
K-type thermocouples
(unshielded)
A/R Omega Used tomeasure themicro-channel surface
temperatures.
K-type thermocouples
(shielded)
18 Omega Used tomeasure the system temperatures.
SCXI Chassis 1 SCXI-1000 Nat. Instr. Housing for the SCXI Analog Input Modules.
SCXI Analog InputModule 2 SCXI-1102 Nat. Instr. Recieves the analog signal of the potential
voltages from the thermocouples.
SCXI Terminal Block 2 SCXI-1303 Nat. Instr. Terminates the thermocouple, and assigns
a channel to each.
Junction Box 2 Helps to ease placement of thermocouples
throughout the system
PQ Card 1 Nat. Instr. Handles theA-D conversion. Located inside
of the PC.
PC 1 Dell Reads the digital signal and sends it to the
LabViewprogram
Software:
Program Function Location
LabView Overall program for thermocouple monitoring. C:/Labview
M-DAQConfiguration Utility Program to configure the signal conditioning hardware. C/M-DAQ
M-DAQChannel Wizard Program to allocate the channels to each thermocouple C/M-DAQ
1x1x120 test section.VI | Virtual control panel for the 1x1x120 test section. C:/Control Panels
1x1x60 test section.VI Virtual control panel for the 1x1x60 test section. C:/Control Panels
Thermocouple Calibration Data Excel files to calibrate the thermocouples. C:/Calibration Data
Test-Section Data Results for themicro-channel thermocouple test data. C:/Test Section Data
SystemData Results for the system thermocouple test data. C:/Test Section Data
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3.4 Experimental Procedure
Before starting any experiments, appropriate values of oil flow rate and coolant flow rates
were chosen to ensure large differential temperatures for oil and water loops for accurate
heat balance calculations. Once these values were set, experiments were performed by
varying the oil temperature at the test section inlet and the process water flow rate.
The Data Acquisition System, coolant flows, water loop, and oil loop were started.
Adjustments were made to achieve a specific oil temperature to begin experimentation.
Since the transient time for the heater to change to a new steady state temperature is
longer than the transient time associated with a change in temperature distribution in the
test section due to a change in water flow rate, it was most efficient to complete all
desired experiments for changes in process flow rate at one oil temperature before
moving on to another oil temperature. A steady state oil temperature is reached by
adjusting the oil flow using control valve 19 and 20 shown in figure 3.1 to the desired
flow rate and adjusting the power control unit on the oil heater to 80% until the DAQ
system reads the desired temperature at the test section inlet. It was imperative that the
coolant flow rate be high enough to cool the oil to a temperature around 25 C at the pump
outlet. Constant attention was given to the oil flow rate since it increases with increased
temperature due to changes in the viscosity and density of the oil. Once the desired oil
temperature was reached, the power control unit on the oil heater was set to the
appropriate voltage.
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The process flow rate was adjusted by turning the control valve on flow meter shown in
figure 3.1. The flow rate was set according to the matrix of experiments specified prior
to starting the experiments. It was necessary to watch the temperatures of the test section
water outlet and the outlet oil temperatures to ensure the process was steady. Data was
recorded using the DAQ computer in a file with a descriptive file name for at least three
minutes. For the next experiment, the water flow rate was adjusted and the DAQ system
was prepared for the next data set.
To shut down the system, it was necessary to cool the oil loop by running without heat
input until the temperature of the oil everywhere in the system drops below 50 C.
Higher temperatures would damage the oil pump and the oil flow meter.
3.5 Experimental Uncertainties
3.5.1 Thermocouple Calibration:
The electrical signal from the data acquisition box must be transformed into data that is
representative of the temperature that the thermocouple is supposed to be measuring. The
signal is changed to nominal temperature values automatically in LabView. This data is
saved and then needs to be calibrated to return true values of the temperature.
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The calibration was performed by taking temperature readings of known standard
temperatures, with the thermocouples. This was done for two known temperatures, the
ice and steam points of water.
The ice point was taken as 0C independent of air pressure. Ice and some water, to fill the
spaces between the ice chips, was put into a thermos. All the thermocouples of the same
bank were then put into a small test tube, which was filled with oil, capped off and
inserted into the thermos. This was done to ensure the thermocouples were not pressed
against any ice that may be colder than the melting ice. Many thermocouple readings
were then taken when the reading settled out and became steady.
The steam point was taken as the boiling temperature of water at the barometric pressure
at the time of calibration. De-ionized water was boiled in a beaker over a hot plate. When
the boil became very vigorous the thermocouples were suspended in the body of the
water. All the thermocouple tips of the same bank were held near the bottom of the
beaker, but not touching the surface, which may be hotter than the boiling water. The top
of the beaker was covered only with a light cardboard cover to hold the thermocouple
wires in place so that the steam could remain at atmospheric pressure. Many
thermocouple readings were then taken and recorded.
The measured quantities were time averaged for each thermocouple to mean value of the
reading because the signal has a slight fluctuation. We now have two known temperatures
along with two measured temperatures. With two known points a linear function is
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created relating the actual temperature and the temperature that the thermocouple returns.
The relationship is shown graphically and algebraically:
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3.5.2 Error of the system
Bias errors from reading within the same bank of thermocouple data are correlated. This
is for the benefit of error reduction because the bias errors cancel out from any delta
temperature variables within formulas.
The error of the heat transfer into the water comes from an error analysis of the equation:
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Q = mCDAT (3.27)
The error analysis must consider the individual errors of all the dependent variables. This
comes from their bias and precision errors. Bias error (B) is the 95% confident estimate
of the fixed constant error. Precision error (P) is the 95% confident estimate in the
unsteadiness of the measurement device. The overall uncertainty (U) is defined by the
equation:
U=ylB2+P2 (3.28)
The bias and precision error for these instruments are:
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These formulas are applied toward calculating the uncertainty of one of the test
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Runs:
Bias Error Precision Error
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The uncertainty in the value of the heat transferred to the water is 5% of the experimental
value obtained, with the equipment used in this experiment.
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4 Data Reduction
The mini-channel evaporators were tested in three modes: single-phase without heating,
single-phase with heating, and two-phase. Single-phase tests without heating were
performed to ascertain the pressure drop characteristics of the mini-channel device
without the influence of temperature-driven viscosity changes or two-phase effects to
serve as a reference for subsequent testing. Single phase testing with heating was done to
obtain the heat transfer and pressure drop characteristics of the mini-channel evaporator
without boiling effects, and also to determine the heat losses from the test section. Two-
phase testing was done to obtain the heat transfer and pressure drop characteristics of
water evaporating in the mini-channels.
4.1 Exit Enthalpy and Exit Quality
The power input to the test section was calculated based on the oil temperature drop
across the oil channel. The heat transfer rate of the oil side was as follows:
Qoil ='oilxCpo,lxAToil (4.1)
Using the first law of thermodynamics, the energy balance for the test section:
Qoil=QWater+Qloss (4-2)
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The energy removed by the water is given by:
Qwater = water (Kut ~ hin ) (4.3)
The water side outlet enthalpy in terms of the rates of heat loss and oil heat transfer can
be calculated:
hou,=hin+Qoil~Qloss
(4.4)
"l\varter
The water outlet enthalpy was compared with the saturated enthalpy at the exit
temperature to compute the vapor quality of two-phase flows by using the following
equation:
hout =hfi,ut +xhfgout (4.5)
"out "fout
"gout ~"fout
x: quality at the exit of the channel (vapor mass fraction)
hgout-' the saturated vapor enthalpy at exit mini-channel temperature (kJ/kg)
hfout: the saturated liquid enthalpy at exit mini-channel temperature (kJ/kg)
hjn: the liquid enthalpy at inlet mini-channel temperature (kJ/kg)
(4.6)
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4.2 Heat transfer coefficient
The LMTD method, as described in conventional heat transfer tests was used for this heat
exchanger to determine the heat transfer coefficient of the water side mini-channel:
Q = UAFATlmcf (4.7)
The calculation of the overall heat transfer coefficient depends on whether it is based on
the cold- or hot-side surface area. In this case, the overall heat transfer coefficient
calculation was based on the cold side or waterside. The oil side was finned, so the
overall heat transfer coefficient is given by,
Uwater\ater = { (4.8)
+ + -
KitfA,,,, k^all KaterAimer
Where U is the overall heat transfer coefficient, A is the area, F is the correction factor,
and ATimcf is the log mean temperature difference for a parallel-flow arrangement with
the same fluid inlet and outlet temperatures. U0u is the overall heat transfer coefficient
based on the oil side, A0ll is the surface area of one oil side, h0l! is the heat transfer
coefficient in oil channel, Awaii is the surface area of the wall, k is the thermal
conductivity, hwater is the heat transfer coefficient of the micro-channel, and Awater is the
surface area of the micro-channel. r| is called the overall surface efficiency:
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n =
(l-7/JA/
Ao,l
(4.9)
Where r|f is the fin efficiency and Af is the fin surface area.
The oil side heat transfer coefficient h0,i was calculated based on the Colbum j-factor.
The j-factor is given by,
-PP
Where Nu is Nusselt number, which is the dimensionless temperature gradient at the
surface, and provides a measure of the convection heat transfer occurring at the surface.
Re is Renold's number. Pr is the Prandtl number.
The Reynold's number is calculated based on the traditional method. It is given by:
Re = pvooh_ (4n)
Where p is oil density, v01i is the maximum velocity in the channel based on the cross-
sectional area. Dh is the hydraulic diameter defined as:
Dh = 4 x minimum flow area / heat transfer area per unit length (4. 12)
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In the present case, the oil side fins were arranged as the above figure 3.2 and 3.3.
The hydraulic diameter is defined as:
4x(5-f);X 2x(s-t)h
D,= lL =
z t)n
(4.13)
dh+th+isy (s + h)+hy
Where s is the spacing between adjacent fins, t is fin thickness. 1 is fin length, h is height
of the offset strip-fin channel.
The velocity v0n corresponds to the minimum cross-sectional area in the oil side channel
is given by:
P=-^- (4.14)
(s-t)h
Where mml is the mass flow rate between two fins.
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Figure 4.1 the effect of Reynolds number on j factor
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5 Result and discussion
5.1 Channel geometry
The channel geometry was designed to be rectangular and the channel dimensions of
lxlmm were considered for each test section. After measuring the channel dimensions
using profilometer, the channel shape and size for the actual device were found to be
different from the original design. This is because of the mini-channels were formed by
chemically etching slots in a sheet of stainless steel. Two different test sections, a longer
one (L=120 mm) and a shorter one (L=60 mm), were measured. The actual cross-section
of the channel was U shaped as shown in Figure 5.1 for both of the test sections. The
measurement results of the channel dimensions are as follows:
For the longer test section: L = 120 mm, d = 1.1875 mm, h = 0.642 mm, hi = 0.121 mm.
For the shorter test section: L = 60 mm, d = 1.2065 mm, h=0.647 mm, hi = 0.146 mm
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A-A
Figure 5.1 the geometry of the mini-channel
5.2 Single-Phase Characteristics
5.2.1 Flow characteristics
In order to test the flow characteristics, pressure drop was first tested at single-phase
region. Two cases were studied. The first case is with no heat generation at the mini-
channel as well as the entire system. The second case is with heat was generation at the
oil side and when the oil travels through the mini-channel, heat transferred to the water.
5.2.1a Single-Phase Experiments With No Heating
Single-phase tests were conducted to determine pressure drop characteristics of the mini-
channel test section without the influence of the temperature dependent viscosity changes
or boiling phenomena.
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Since the channel geometry of the actual test sections could not be measured after
assembling the test section, the dimensions of the cross section from identical pieces
manufactured in the same batch were used. They are as follows: (d = 1.1875 mm, h =
0.642 mm, hi = 0.121 mm). The hydraulic diameter for the test section ( dh = 4AC/P) is
0.725 mm based on the above dimensions. Here, Ac is the cross section area of the flow
(m2), and P is the wetted perimeter.
Three different test sections were used to measure the pressure drop across the manifolds
of the mini-channels. The length of one test section is 120 mm. The other two test
sections are 60 mm long. The Reynolds number was varied via flow rate adjustment from
18 to 650 in the mini-channel test section. Figure 5.2 shows the effect of Reynolds
number on total pressure drop in three different test sections. Figure 5.3 presents the
effect of Reynolds number on unit length pressure drop. From Fig. 5.3, it can be seen that
the results of pressure drop across the three test sections are different. Two shorter test
sections show a much different characteristics for pressure drop. The pressure drop in one
of the shorter channels was higher than the longer channel test-section. This result is also
shown clearly in Figure 5.3 for pressure drop on a unit length basis.
The tests were performed by simply varying the flow rate through each test section and
recording differential pressure measurements.
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A4=
1x10"
x 27.05 lxlO"3 =2.705 lxl0"5m2 (cross section area of the header)
Li = 10mm
A5 = 6x((tt/8) x (L1875xlO"3)2+0.121xl.l875xlO"6)=4.1842xlO-6m2 (The channel shape
is U shape)
d6 = 27.102mm, A6=(7t/4) d52 + L, d5 = 5.593xl0"4m2
d7 = 9.800mm, A7=(7t/4) d62 = 9.800xl0"5m2
d8 = 10.287mm, A8=(7t/4) d22 = 8.307xl0~5m2
L2 = 10mm
At the entrance to the test section, water goes to the mini-channel from the inlet (1) to the
header tube (2), and then to the entrance manifold before entering the mini-channels. At
the exit, the water goes out from the mini-channel through exit header to tube 2 and then
to tube 1. The pressure drop at various expansion and contraction parts is given by:
2
AP = Ke^ (5.1)
2
AP = KC%2- (5.2)
IQ: expansion loss coefficient
Kc: contraction loss coefficient
um: velocity (m/s)
The pressure drop from point 1 to point 2 is given by solving:
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AP:
m
2KK)+KC+K^ J app ^' a D
Pf"r.
(5.3)
[R.K. Shall, A. D. Kraus and D. Metzger, "Compact Heat Exchangers, A festschriftfor A. L. London'
1990]
- : Ratio of channel and plenum cross-sectional areas
Ae
K90: 90- bend loss coefficient
um: Mean velocity in micro-channel
If only the entrance and exit part the above equation is considered, the pressure drop
expression reduces to:
AP:
^2
A,
(2K90)+Kc+Ke
Pfur,
(5.4)
The contribution from each component to the total pressure drop is summarized in the
following table (Table 5.1)
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TABLE 5.1: Contributions of Different Pressure Drop Terms to the Total Pressure
Drop in Mini-Channel Test Section
Feature Area Ratio Loss Coefficient um (m/s) AP(Pa)
Expansion:
from tube 1 to tube 2
-^=0.770
^2
Ke = 0.02 0.046
(max mass
flow rate)
0.0213
90 bend
from tube 2 to
entrance header
K90=L2 0.833
(max mass
flow rate)
374.36
(by using
equation 4)
Contraction
from entrance heater
to the micro-channel
Kc = 0.78 0.833
(max mass
flow rate)
ww + wc
Expansion:
from micro-channel
to exit heater
Wc
-0 ^5
Ke = 0.48 0.833
(max mass
flow rate)
ww + wc
90 bend
from exit heater to
tube 3
Kc= 1.2 0.833
(max mass
flow rate)
Contraction
from tube 3 to tube 4
^=0.848 Ke= 1.0 0.042
(max mass
flow rate)
0.879
Total manifold
pressure drop
375.26
From the above calculations, it can be seen that the manifold pressure drop is only 6.3%
of the total experimental pressure drop.
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Except the effect of the manifold portion, the experimental result shown in figure 5.6.
From figure 5.6, The experimental friction factor is still higher than the theoretical value
shown by the solid line for each case.
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Figure 5.6 Reynolds number vs. friction factor for mini-channel test sections with
six parallel channels except the manifold pressure drop
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The effect of channel size:
Channel size takes a very important role in deciding the flow characteristic of the mini-
channels. In the present case, since the mini-channel size could not be measured directly,
it is possible that the channel size of the three test sections is not exactly the same and
also the hydraulic diameter is not 0.000725m. Due to these reasons, the following
channel sizes were simulated. The channel size was changed to match the pressure drop
experiments. Figure 5.7 shows the Re vs. the friction factor. From this figure, it can be
seen that changing dh slightly results in a very good match between the experiments and
the calculated results in the theoretical laminar flow region. The result shows that the
channel size has a significant effect on pressure drop and perhaps may be the main reason
for variation in the pressure drop characteristics among different test sections.
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Figure5.7 Effect of the mini-channel size on friction factor
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Brazing effect:
The variation in the brazing material fill in each channel may also have a marked effect
on performance. If some brazing material goes into the channel, it will cause local
channel size to become smaller resulting in a reduction in the channel cross-sectional area.
This local change in the cross sectional area may have drastic effect on the pressure drop
characteristics.
5.2,1b Single-Phase Experiments with Heating
Figure 5.8 shows the variation of pressure drop across the water side with time in single-
phase heated flow. The mass flux of water is 87.36 kg/sm". The inlet temperature of the
water was 23.22C. From the Figure, the pressure drop had periodic variation once the
system reached steady state. The slight fluctuations in differential pressure across the
mini-channels are shown in the following figures. This slight fluctuation can be
considered as the external disturbance to the pressure transducers caused by the
instability in the flow and caused by the pump. All single-phase results follow the same
trend. More figures with different conditions were attached at Appendix C.
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Figure 5.8 Single-phase pressure drop with time
(short channel L=60mm, 6 passages)
Figure5.9 shows the effect of mass flow rate on water pressure drop for the short channel
(60 mm). From the figure it is seen that the total pressure drop increases with an increase
in the mass flow rate of water, as expected.
Figure 5.10 depicts the effect of water mass flow rate on total pressure drop in the short
channel for different oil inlet temperatures. The total pressure drop decreases with an
increase in the oil inlet temperature. Figure 5.11 shows the effect of water mass flow rate
on total pressure drop in the long channel (120 mm) for different oil inlet temperatures.
The results for the long channel followed the same trends as the smaller channel. The
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reason for the decrease in pressure drop with an increase in temperature could be
attributed to the reduction in the viscosity of water at higher temperatures. As the
viscosity of the water decreases, the flow resistance decreases and the pressure drop
across the channel also decreases.
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Figure 5.9 Effect ofmass flow rate of water on pressure drop
(short channel L=60mm, 6 passages)
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Figure 5.10 Effect ofmass flow rate ofwater on pressure drop for different inlet oil
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5.2.2 Single-Phase Heat transfer
In this region, only few data points were obtained since oil inlet temperatures over 125C
result in the occurrence of flow boiling. Tests were performed by fixing an inlet oil
temperature then varying the mass flow rate of water from high to low until pressure
fluctuations in the mini-channel section indicated two-phase flow.
Figures 5.12 and 5.13 show the effect of mass flux on heat transfer rate. It can be seen
from the figures that the heat transfer rate increases with an increase in the mass flux of
water. As the oil inlet temperature increases, the heat transfer rate in single-phase region
increases. The maximum single-phase heat transfer rate observed was just over 150W.
The same trend was also obtained for the long test section. In the long test section, the
maximum heat transfer rate was about 350W. The longer test section can dissipate higher
heat from the mini-channel since it has larger surface area, additionally, when the water
travels through the mini-channel, the temperature of the water at the exit is higher than
the shouter one.
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Figure 5.12 Effect ofmass flux on heat transfer rate (long L=120mm, 6 passages)
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5.3 Two-Phase Tests
5.3.1 Two-phase pressure drop:
With increasing oil inlet temperature, the water flow entered the two-phase region. It was
found that when the oil inlet temperature rise above 150C, the flow entered the two-
phase region when the mass flux of water was 87.36 kg/s m2in the mini-channel. As the
mass flux of water increased, a higher oil inlet temperature was needed to attain two-
phase flow. The pressure drop performance of the mini-channel with different mass
fluxes of water was obtained for seven different oil inlet temperatures. In this region, the
pressure drops across the mini-channel were observed to rise drastically and fluctuate
more violently with increased the oil inlet temperature.
Figure 5.14 shows the variation of pressure drop with time for the oil inlet temperature of
250C with the short test section L=60mm. The mass flux of water was 87.36 kg/sm ,
with a water inlet temperature of 23.22C and water exit temperature 100C. In this case,
the exit quality was 0.51. From this figure, the pressure drop changes significantly within
lsec even though the system has reached steady state. The pressure drop varies from -
3923.05 Pa to 27530.33 Pa in 13 sec as shown in figure 5.14. These pressure fluctuations
are typical in multi-channel boiling passages and occur mainly due to boiling taking place
inside the channels. This bubble generation in effect caused flow oscillations inside the
channels. This trend is observed in the entire two-phase region and for both test sections.
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Figure 5.15 shows the variation of oil inlet temperature and water side pressure drop for
different mass fluxes of water. It is seen that with increasing inlet oil temperature the
pressure drops first decreases denoting single-phase flow then gradually increase in the
two-phase regime. This change takes place at an oil inlet temperature below 175C. From
the figure, the oil inlet temperature of 175C is near an intersection of the pressure drop
reversals. This trend is observed for different mass fluxes of water investigated in the
present study. More figures were attached at Appendix C.
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Figure 5.14 Variation of pressure drop with time inside the mini-channels
(short channel L=60mm, 6 passages)
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Figure 5.15 Effect of oil inlet temperature on total pressure drop for different mass
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Figure 5.15 shows the effect of oil inlet temperature on total pressure drop for different
mass fluxes for the long test section. Note that the trend in Figure 5.16 is similar to that of
Figure 5.15 but the intersection decreased to 150C.
Figure 5.17 shows the effect of water mass flux on pressure drop for different oil inlet
temperatures. As the water flow increases the water side pressure drop decreases except
for oil inlet temperatures 100C and 150C, where the flow is in single phase.
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5.3.2 Two-phase heat transfer
In the two-phase region, the amount of heat that a certain mass of fluid can carry is much
higher when it is partially evaporated due to the absorption of latent heat. Boiling heat
transfer coefficients are much higher than single-phase coefficients by an order of
magnitude or more. However, the major disadvantage in the two-phase region is that the
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boiling phenomenon and the resulting two-phase flow lead to large pressure drops and
fluctuations of pressure drop.
Figure 5.19 depicts the effect of mass flux of water on exit quality for the short test
section. With an increase in the oil inlet temperature and a decrease in the mass flux of
water, the exit quality increases. The highest exit quality for the short section was about
0.6 with a mass flux of water of 87.36kg/sm2 and oil inlet temperature of 275C. For
lower oil inlet temperatures, the exit quality appears as a negative number since the fluid
temperature in the mini-channel is in a subcooled condition. When the exit quality is
zero, the flow is in the single-phase region. From Figure 5.19, when the oil inlet
temperature is 150C, the water is in the single-phase region for any mass flux over
300kg/sm2. Almost the same trend was obtained for the long test section. Figure5.20
shows the effect of mass flux of water on exit quality for the long section. In this case, the
highest exit quality was reached 1.0, which means that channel dry-out was attained. The
water became superheated at the exit of the mini-channel thus it is certain that no
suspended liquid droplets remained. From the figure, when the oil inlet temperature was
275C and 250C, dry-out was attained for the mass flux G of water. From
the figure, it was also found that bubbles were generated in the mini-channel at an oil
inlet temperature of 125C.
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Figure 5.21 shows the effect of water mass flux on heat transfer rate. From the figure, it
can be seen that with an increase in the mass flux of water, the heat transfer rate increases
in both single-phase and two-phase regions. However, in the two-phase region, the initial
slope is higher in the two-phase region than that in the single-phase region. The effect of
an increase in mass flux is more predominant in the two-phase region than in the single
phase region. The highest heat transfer rate observed was about 600W with a mass flux
G=570.2kg/sm2
of water in the short channel and the oil inlet temperature of 275C. The
same trend is also seen in Figure5.22, which depicts the effect of mass flux on heat
transfer rate for the long test section L=120mm. In this case, the highest heat transfer rate
obtained was 1200W. The heat transfer rate is much higher in the long test section than in
the short one.
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Figure 5.21 Effect ofwater mass flux on heat transfer rate for different oil inlet
temperature (short L=60mm, 6 passages)
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Figure 5.23 shows the effect of oil inlet temperature on exit quality for varying water
mass flux. It can be seen from the figure that with an increase in the oil inlet temperature,
the exit quality increases in the two-phase region. With the lowest water mass flux and
highest oil inlet temperature tested, the maximum quality obtained was around 0.6 for the
short channels. It was found that the same trend occurred in Figure 5.24, which depicts
the effect of oil inlet temperature on exit quality for varying mass fluxes of water for the
long test section. For the long channels, the maximum exit quality was 1.0.
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Figure 5.25 shows the effect of oil inlet temperature on the heat transfer rate on the water
side. The heat transfer rate increases with oil inlet temperature for all cases. The effect of
water flow rate is not significant on the overall heat transfer rate - this indicates that the
water side does not present the dominant thermal resistance to heat transfer in the oil to
water heat exchanger. The same result is also obtained from the experiments with the
long test section L=120mm as shown in Figure 5.26. This figure depicts the effect of oil
inlet temperature on heat transfer rate of oil side for the long test section L=120mm.
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Figure 5.27 depicts the effect of mass flux of water on heat transfer coefficient for the
short L=60mm mini-channel with different oil inlet temperatures. As expected, the heat
transfer coefficient increased with increasing flow rates with an oil inlet temperature of
275C. The heat transfer coefficient increased almost linearly with the increasing mass
flux of the fluid in this case. With the oil inlet temperatures of 250C, 225C, 200C and
175C, the heat transfer coefficient increased with an increase in water mass flux until a
maximum heat transfer coefficient was reached. Once a maximum heat transfer
coefficient was reached, the heat transfer coefficient decreases with an increase in the
mass flux of water. The maximum heat transfer coefficient reached was 8096.29 W/m2 K
with a mass flux G = 31 1.65kg/s
m2for water and an oil inlet temperature 225C.
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Figure 5.28 shows the effect of mass flux of water on heat transfer coefficient for the
longer test section L=120mm with different oil inlet temperatures. As for the oil inlet
temperature of 125C, 150C, 175C, and 200C the changing trends similar as the
shorter channel L=60mm. Yet, the heat transfer coefficient increased almost linearly with
the increasing mass flux of the fluid when the oil inlet temperature of 225C, 250C, and
275C. The maximum heat transfer coefficient is 20739.22 W/m2 K.
Figure 5.29 depicts the effects of the oil inlet temperature on heat transfer coefficient of
the minichannel length of 60mm. The heat transfer coefficient increases with the oil inlet
temperature increasing of the oil inlet temperature less than 225C but decreases when
the oil inlet temperature of 250C and 275C. In the region of lower oil inlet temperature
(Toilin<150C), the heat transfer coefficient has slightly differences of different mass
flux. That is because the single phase takes more important place in this area. It also
proved that it is difficult to enhance the heat transfer by increasing the mass flux in single
phase.
Figure 5.30 shows the effects of the oil inlet temperature on heat transfer coefficient of
the minichannel length of 120mm. The heat transfer coefficient increase with the oil inlet
temperature increased for the entire region.
Figure 5.31 indicates the results of a comparison of the two different test sections, with
respect to the effect of increasing mass flux of water on heat transfer coefficient. The
figure only shows three different cases with the oil inlet temperature of 125C, 200C,
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and 275C. In the figure, compare the heat transfer coefficient with different test section
of different mass flux, the longer test section is larger than the shorter one in each case. In
the case of oil inlet temperature of 125C, the heat transfer coefficient of the longer
channel is slightly greater than the shorter channel. Again, that is because single phase
heat transfer phenomena occupied important action. With the oil inlet temperature of
200C, the heat transfer coefficient is almost the same for both channels when the mass
flux is less than 149.19 kg/s m2. Yet, the heat transfer coefficient is much larger of the
longer test section with the mass flux of water increasing. In the case of oil inlet
temperature of 275C, the heat transfer coefficient is extremely larger of the longer
channel than the shorter cannel in the entire region of mass flux of water.
Figure 32 shows the results of comparing with the two different test sections of the effect
of increasing oil inlet temperature on heat transfer coefficient with different mass flux of
water. It indicates cases of different mass flux of water. In the region of the oil inlet
temperature less than 225C, the heat transfer coefficient follow the same trends of both
channel corresponding to each mass flux of water. However, with the oil inlet
temperature increasing to 250C, the heat transfer coefficient is sharply increased of the
longer test section.
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Figure 5.33 depicts the effect of exit quality of the mini-channel on total pressure drop
across the mini-channel heat exchanger with the short channels, L=60mm. It was found
that with increasing exit quality, the pressure drop across the test section increased. The
higher the exit quality, the higher was the pressure drop. The highest pressure drop was
0.15 bar with the highest exit quality of x=0.6. A similar trend was also observed for the
long test section as shown in Figure 5.34, which depicts the effect of exit quality from the
mini-channel on total pressure drop for the long test section L=120mm. In this case, the
highest pressure drop across the test section was over 0.25 bar with an exit quality of
x=0.8.
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5.4 Visualization
In this section, the flow patterns were visualized by using digital camera to observe the
bubble behavior. It gives more detail of the mechanism of the mini-channel heat transfer
performance specific for the two phase flow. It illustrated that nucleating bubble flow,
bubbly flow, slug flow, slug/annular flow in the present study.
Figure 5.35(a)-(g) shows the bubble generated on nucleation cavities of the heated wall
during the period of 3ms. As shown in the figure, the flow enters as subcooled single
phase and when the wall was heated to a certain value at a certain distance the nucleation
sites become active and generate one or more vapor bubbles. In this case, since the water
was not degassed, the original nucleation bubble core might be formed from the solute air
of the water. As shown in the figure, there are only few isolated bubbles at the mini-
channel.
Figure 5.36 (a)-(h) illustrated the bubbly flow at 1ms successive time interval in a single
channel. When the wall superheated, the bubbles diameter increased and become
nominally the same size as the channel cross section. When the wall superheat is high
enough that the bubble generation frequency is sufficiently great that two or more
bubbles from a given site or adjacent sites will coalesce to form a larger bubble. As
shown in the figure, the bubble dispersed vapor distributed as discrete from small bubble
to the bubble diameter of close to the mini-channel width. In mini-channel the bubble
diameter is easies to reach the same size as channel width because of surface tension take
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an important role in mini-channel heat transfer. This is the main differences mechanism
from the conventional channel.
Slug flow is represented in Figure 5.37 (a)-(h). When the wall superheat is high enough,
large vapor slugs formed as shown in the figure. Vapor bubbles in this region grow
almost to the channel width then expand in both directions along the channel before
traveling to the outlet. Very thin film remains on the channel walls and the bubble
continued to nucleate through the thin liquid layer. In figure 5.37(a), there are three
visible bubbles in the left portion of the channel and a fully formed slug on the right. The
time interval between each successive frame shown in the figure is 4ms. In figure
5.37(b), the three bubbles on the left side travel to the right yet the fluid/vapor interface at
the left side of the slug moves very little. This may indicate that the vapor slug is
expanding in the direction opposite the fluid flow. In figure 5.37(c), the slug has begun to
move with the fluid flow. Figures 5.37(d) through (h), the vapor bubbles begin to expand
into slugs as they move through the channel. This indicates the slug flow is easier to
develop of mini-channel than the conventional channel due to the capillary force. As
described, the vapor expend to both side (forward and backward) caused the pressure
drop in tow phase area is fluctuated as shown in figure 5.14.
With increasing the wall temperature, the vapor slug grows until it maintain throughout
the entire channel as shown in figure. Figure 5.38 shows successive Frames (a) through
(h) at 4ms Intervals of One Channel. As shown in the figure, the nucleation site still
generated in the thin film.
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6 Conclusions
Single-phase and two-phase flow and heat transfer performances in mini-channel were
studied. The bubble behavior in two-phase region was visualized. The following results
were obtained.
1. The pressure drop in the mini-channel heat exchanger was very sensitive to any
geometric variations in the flow channel. A slight variation in the cross sectional
area or the shape of the mini-channel resulted in significant changes in the
pressure drop characteristics.
2. The pressure drop for single phase (with and without heating) was observed to
increase with increasing mass flux of water. The pressure drop for two-phase
flow decreased with increasing water mass flux. The instantaneous values of two-
phase pressure drop fluctuated considerably due to parallel channel oscillations
during two-phase flow boiling in the mini-channels. The fluctuations during
single-phase flow were quite small. The pressure drop during two-phase flow
was observed to be a function of water mass flow rate, oil temperature, and
average quality in the test section.
3. The single-phase heat transfer rate increased with the oil inlet temperature and
mass flux of water.
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4. It was observed that heat transfer rate increases with an increase in oil inlet
temperature and with an increase in water mass flux. Quality at the exit of the test
section increased with an increase in oil inlet temperature and a decrease in mass
flux of water.
5. Heat transfer and pressure drop characteristics were presented in graphical form
as a function of oil inlet temperature and water flow rate for two lengths of the
mini-channel heat exchanger.
6. It was observed that very high heat transfer rates were obtained with mini-channel
geometry. It was seen that an exit quality of close to 1 could be obtained with the
long test section using an inlet oil temperature of 275 C.
7. The pressure drop during two-phase flow fluctuated quiet larger. The fluctuation
range was depended on the oil inlet temperature in the present study. The higher
oil inlet temperature, results in larger pressure drop fluctuation.
8. The flow patterns were observed. Nucleating bubble flow, bubbly flow, slug
flow and slug/annular flow were visualized.
9. Form visualized the bubble behavior, the pressure fluctuations are attributed to
boiling phenomena, specifically the violent evolution of vapor in the slug flow,
annular/slug flow.
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paratherm OR
Oxidation Resistant, Non-Fouling, Non-Toxic
i HEAT
TRANSFER
FLUID
ENGINEERING BULLETIN OR 1197
Tiie new Paratherm OR oxidation-resistant
fluid is a unique multi-component thermal
fluid system that combines substantial oxidation
resistance with a major increase in thermal effi
ciency, markedly higher flash and fire points
and an extended service life. It provides pre
cise, uniform temperature control to 600F in
closed-loop thermal oil systems where heal
transfer Quids are more than occasionally-
exposed to air.
The crystal-clear OR fluid is comprised of
a unique two-part high-stability base plus high-
performance oxidation inhibitors and stabiliz
ers. Performance of the OR fluid was particu
larly impressive in extensive laboratory and field
testing under the same grueling conditionsvthat
caused severe oxidative breakdown and sludge
formation in conventional heat transfer fluids.
Oxidation
Significant fluid oxidation occurs when continu
ous supplies of fresh air (constant tool change-
ut, for example) come into intimate contact
with hot heat transfer fluid. The resulting reac
tion converts some fluid molecules to organic
acids. The fluid becomes thicker, darker and
more odorous, and its heat transfer capabilities
drop dramatically. Soon the acids themselves
begin to thermally degrade. An acidic, carbona
ceous sludge is formed that precipitates out and
adheres to the system's interior surfaces. And
as the oxidation continues, these acids concen
trate and threaten the system's more sensitive
components with damage. In the lab and in
field testing, the OR fluid exhibited up to len
times the oxidation resistance of the nearest
competitive fluid.
Overheating/Fluid Fouling
The more viscous an oxidized fluid becomes,
the more susceptible it is to overheating.
Thicker fluid moves less quickly through the
system - and transits the healer section more
slowly too. Remaining in contact with the heat
ed surfaces considerably longer, the fluid picks
up more heat than its chemical bonds can
stand. As they break down, the fluid's mole
cules release the carbon they were made of.
'
'uch of this sooty, sticky carbon adheres and
ikes on to the healed surfaces where it was
produced.
The OR fluid is non-fouling. Under the
same severe overheat conditions the fluid
evolves carbon granules, which remain in sus-
Typical Properties*
Physical Properties
::;: v ;r '::"'. , '"i__.,--f^-i
::
Feedstock P ; P-p ; P//,-
Color .
Taste& Odor
. ASTM D-1 500, ,
Natural hydrocarbon :
; 30
None
*'
Optimum Use Range
Maximum Recommended Film temperature
Flash Point (coc)
Fire Point (coc)r P ,
;Autoignition
ASTM D-92
ASTM D-92 P
: ASTM D.-2t55
; 150-00aF(49(P316oC)
650F (338C)
370F I8"1 "c
. 410F 2.JO "<
710F ^1( t *c
Atmdsphen'c Boiling Point, 10% Fractioh,
'
Vapor Pressure; psia <@500F
Pour Point ;
Specific Gravity, 60/60
TJiermal Expansion**
Density
'
. ,,
Viscosity @ 40C cSt , j.
'
ASTM D-1 160
'ASTMD-97
ASTMD-1298
''. ASTMID-4052 \
pASTMD-445 {
660F
'
: 0.60 '< ,
\p.;-35F'H';^
. 0.8860''': p
P, 0.0004F 'ml
7.30ib/|ai;: 1
37:5 <%pp
:: If :
t
Water Content
Surface Tension, @ 400 mmHgPp ';
Average Molecular Weight
'".. ASTM D-1 533B-
ASTM D-971
ASTM D-2502
: k 15pprri.-. ': '...
;,f: 8.3 dynes/cm \
.',
360- % P
' '
Electrical Properties
t- 1 ' >h /ill
Dielectric length kV/ciii (disk) P p. V-
'
Dissipation Factor@25C, 60 Hz : ; "P ,
ASTM-D-877
ASTM D-924
"35
PP: 0.0002ppp:^IfitP
'These are typical laboratoy values, and are not guaranteed for all samples.
**Note: Normalpractice Is to size expansion tanks sofiiat they areW4 to j/3tull when. tiie & cold, and
2/3 to 3/4 full When thesystem is'If themaximum normal operating temperature. : <
ftRBBBUKmSX
pension, won't adhere to heated surfaces, and
are easily filtered out.
Efficiency
The OR fluid's heat transfer efficiency is superb.
At 600F, it provides the highest thermal effi
ciency of any natural hydrocarbon fluid on the
market. The thinner a heat transfer fluid is
(lower viscosity), die less energy is required to
pump it through the system. Viscosity of (he
Paratherm OR is among the lowest of any
high temperature heat transfer fluid on the mar
ket. This means less horsepower is needed and
a smaller pump and motor can be specified.
And lower power consumption continues to
produce savings year after year.
Environmental Safety
The OR fluid is undergoing Bioassay with two
species, where Rainbow trout and fresh water
shrimp are exposed to water-accommodated
fluid fractions. In die event of a release, you
can employ the same simple clean-up proce
dures used for light lubricating oils. Once gath
ered, the OR fluid can be combined with spent
lube oils and sent to the local oil recycler.
There it can be converted into another useful
material, conserving precious natural resources.
The crystal-clear Paratherm OR contains no
chlorinated or aromatic hydrocarbons, heavy
metals, or sulfur or nitrogen compounds.
Fluid Toxicity
The OR fluid has been submitted to the IDA for
classification under it's GRAS (Generally
Regarded As Safe) program. It has also been
submitted for food-grade certification. Where
conventional fluids often produce skin dermati
tis, the OR fluid has been reported to actually
soften the skin. If the Quid is ingested in any
quantity, it may act as a laxative. We strongly
recommend that you do not breathe vapor mists
of any fluid. (See theMaterial SafetyData
Sheetforfurther information on these, and
other conditions).
HENSir^BS/GAL
7 555 \
7.355
7 155
u aS5
6.755
6.555
6.355
6.155
5.955
5.755
0
0 753 E
0.703 L
0653 L
0603 t
0.503 U
0.453 p
0.403 2
0.0921
0.0871
0.0821
0.0771
0.0721
0.0621
1CO 200 300 400
Temperature,f
500
100 200 300 400
Temperature, "F
500
THERMAL CONDUCTIVITY btu/hr-ft2 f/ft
100 200 300 400
Temperature, F
500
600
600
600
Formulae
Feet of fluid =
Film Temp. =
GPM =
psi =
Q =
Q =
(psi) (2.307)
BTU/hr - ft2
h.
cp d At 60
(feet of (luid column) (s)
2~307
GPMcp dAt 60
UAAtu,
Terminology
A Heat Transfer Surface, ft2
cp Specific Heat @ ta, BTU/lbF
d Density @ ta, lbs/gal
GPM Fluid Flow Rate, gal/min
hi Film Coefficient @ ta, BTU/hr ft2F
Q Heat Transferred, BTU/hr
r Fouling or Tube Resistance, hrTt2F/BTU
s Specific Gravity @ ta, = d -=- 8.3453
t Temperature, F
At (t,)-(t2)or(t2)-(t,)
U Overall Heat Transfer Rate, BTU/hr ft2F
Viscosity Conversion
Absolute (Ib/hr ft) =
Absolute (lb/sec ft) =
(Centipoise) (2.42)
Centipoise
Kinetic (Cerrtistokes) =
Subscripts
1488
Centipoise
a Average
i Inside
0 Outside
w Wall (tube or Pipe)
LM Log Mean
Paratherm OR Heat Transfer Fluid
9C00 1
VIISCI)SI TY CENTIP()ISE
1000
mo
10
1
0 30 60 90 120 150 180 210 240 270
Temperature,F
330 360 390 420 480 540 600
Typical Comparisons
Fluid
Comparison of Film Coefficients
(BTU/(HR) (ft?) (F)
2" Sched. 40 Pipe @ 8'/Sec
400F 500'F 600F
Average Fluid Temp.
Max
Bulk
Temp
"F
Max
Film
Temp
F
Flash
Point
(coc)
ASTM-D-92
"f
Fire
Point
(coc)
ASTM-D-92
F
Auto-
Ignition
ASTM-D-2155
CF
Coeff. of
Thermal
Expansion
Pour
Point
f
Vapor
Pressure
etKTF
psia
Toxicity
oral LDW
g/kg
(The lower this number,
the more toxic the fluid)
CalfloAF
Calflo HTF
247 305 360
240 295 348
550
620
600
650
400
414
437
462
650
670
0.0387
0.0400
0
3
1.89
1.64
Caloria HT-43 236 267 302 600 390 430 670 0.0483 15 15
Moblltherm 603 304 354 399 550 625 340 670 0.0531 25 2.9
Multitherm PG-1 344 414 480 600 640 340 385 690 0.0400 -40 15
Paratherm NF
Paratherm HE
Paratherm OR'"
333 390 461
377 498 675
446 604 799
600
600
600
640
650
650
345
440
370
385
500
410
690
700
700
0.0304
0.0592
0.0400
-45
5
-35
4.72
0.87
0.60
Non-Toxic
>35
Non-Toxic
Texatherm 46 275 314 357 600 640 430 0.0520 5 3
UC0NHTF-50Q 207 254 500 <550 540 600 750 0.0473 -35 <0.1<8> 6.13
Xceltherm 600 355 394 460 600 650 380 420 680 0.0350 20 4
,es; Dala compiled from latest available manufacturer's literature.
't stated in literature. Maximum bulk temperature; 500F.
Maximum bulk temperature: 550F. @500F
*Wbmt names listed on this page are registered tradenames of various corporations. See back page tor
complete listings.
*Mmr Heat Transfer Fluid
Appendix B
HELIFLOW
wham
Vacuum and H**t Transfer
T EXCHANGER SPECIFICATIONS
CUSTOMER: KODAK
CUSTOMER REF:
ITEM: CONDENSER
PERFORMANCE:
DESCRIPTION OF FLUID CIRCULATED
SPECIFIC GRAVITY
SPECIFIC HEAT (kcil/Jra C)
THERMAL CONDUCTIVITY (Xcal/hr MC)
VISCOSITY (FILM FOR LIQUIDS) . . . (cp)
RATE OF FLOW (cu M/h)
RATE OF FLOW (kg/h)
TEMPERATURE ENTERING HELIFLOW (C)
TEMPERATURE LEAVING HELIFLOW (C)
CALCULATED PRESSURE DROP bar
OPERATING PRESSURE bar
DESIGN PRESSURE bar
HYDROSTATIC TEST PRESSURE bar
DESIGN TEMPERATURE (C)
CONNECTION SI2ES (In)
CONNECTION TYPE
TOTAL DUTY KW
TOTAL SURFACE SUPPLIED (Sq. M )
MODEL ?
COIL SPACING
TUBES 1/4 DIA 18 BWG COPPER
BASEPLATE CAST IRON
CASING CAST IRON
TUBES TO MANIFOLD JOINT: BRAZED
CODE OF CONSTRUCTION: GRAHAM STANDARD
GRAHAM REF: EG-1304BU00
DATE: 01/19/00
ENGINEER: EPK
INSIDE COIL OUTSIDE COIL
STEAM WATER
0.997
1.002
0.528
0.978
1.14
6.49 1131.12
139.00 20.00
37.78 23.50
NEGL 0.10
2.50 ?
5.17 5.17
6.76 6.76
176.67 176.67
1/2M 1/2"
MNPT FNPT
4.63
0.23
83G
STD
MANIFOLDS CAST BRONZE
BOLTS STEEL
GASKETS NON-ASBESTOS
GENERAL:
PRICE F.O.B. BATAVIA, N.Y.
SHIPMENT J
WEIGHT: 13.61 Xc?
2 -3 p/iys
REMARKS"
BUYER TO REVIEW MATERIALS OF CONSTRUCTION FOR PROCESS COMPATIBILITY.
BUYER TO VERIFY FLUID PHYSICAL PROPERTIES USED IN THE DESIGN.
MANIFOLDS MOUNTED VERTICALLY POINTED DOWN.
~~
trerms t, conditions of Sala per GMO-1002-.E unless otherwise indicated.
Grthim CotporaiSort. P.O. Ban 719. Batawta. NY 14021-0719
Corporal* and Silas Haadquarttrrsi 20 Ftaranca Awrtua.Bauvta, NY 14020
TEL-:716443-2216FAX716-343^1097BuUUt_^u*prnaneflrhm-m1g.comWEBSfTXimirV/www^rahaiTWTrtoisorn
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ODCRDORPCR
"N" SERIES
CONVERSION INFORMATION
FLANGE MOUNT
CLOSE COUPLED BRONZE GEAR PUMPS
Oberdorfer Pumps has been working on
improving its Bronze Rotary Gear Pumps with sev
eral important features. Some of the changes
have affected the overall physical dimensions of
these pumps. The letter designation "N" indicates
the new version (e.g., N994). The chart on this
page reflects the dimensional changes for our
bronze close coupled flange mount gear
pumps.
These dimensional changes are the result of
a design upgrade package which includes replac
ing the flat paper gasket with a FKM (fluorocarbon
rubber) o-ring. The body has been machined to pro
vide a groove for the FKM o-ring. FKM has superior
elasticity and will not readily take a compressive set
(like Buna-N) thereby assuring a better seal. Also, the
old spur gears have been replaced with new helical
gears which significantly reduce noise.
These design changes will enhance the perform
ance of our gear pumps and further strengthen the
long recognized quality of Oberdorfer Pumps.
New
Pump
Old
Pump
Overall
Heiqhtd)
Width
Across Ports (2)
Overall
Lenqth (3)
OALw/
Relief (3)*
N994 994 From 4.00"
to
4.22"
From 2.75"
to 2.94"
Stays 4.32" From 6.06"
to 6.13"
N970 970 Stays 5.25" Stays 3.75" Stays 4.38" Stays 6.38"
N990 990 Stays
4.63" Stays 6.63"
N1100 1100 From 6.48"
to
6.64"
Stays 4.6" Stays 5.87" N/A
** Port center line to shaft center line remains the same.
*** Port location to close coupled mounting remains the same.
5/00
www.oberdorrer-pumps.com SYRACUSE, NEW YORK 13221 PHONE 800448-1668; (315) 437-0361
UDCRDORPCR
"N" SERIES
CONVERSION INFORMATION
FLANGE MOUNT
CLOSE COUPLED BRONZE GEAR PUMPS
@@@ @
Models N994, N970, N990, N1100
No. Description Qty.
1 Screw 8
2 Body 1
3 Dowel Pin 2
4 O-Ring, FKM 1
5 Bearinq, Carbon 4
6 Drive Gear Assy. 1
No. Description Qty.
7 Idle Gear Assy.
8 Cover
9 Lip Seal
10 Plug Nut
11 Ball
12 Spring
Notes: Numbers 10 through 16 for Relief Models only.
No. Description Qty.
13 Adjusting Screw 1
14 Lock Nut 1
15 Valve Nut 1
16 Fiber Washer 3
5/00
www.oberdorferiiumps.com SYRACUSE, NEWYORK 13221 PHONE 800448-1668; (315) 437-0361
Customer Name RIT
Heat exchanger model 00540-1 or equiv.
Tube side Shell side
Fluid type Paratherm Paratherm
Temp in 20.0 170.0 C
Temp out 107.2 82.8 C
Mass Flow 109.1 109.1 kg/hr
Vol. Flow 2.3 2.3 |pm
Pressure drop 0.21 0.54 kPa
Heat transfer 21902 BTU/hr
Heat transfer 6417 Watts
Effectiveness 0.58
Exergy Incorporated - heat exchangers, shell and tube, cold plates, miniature heat exchange.. Page 2 of4
1/4-16NPT_j- 2.95 (75)~|
2 Places N^
fe
1.00 (25) DiaJ
A-
-C
2.26 (57)
1.25(32)
t
1.12(28) DI3.
Wench Flats1 > r
f
87 (22)Dia.|
LI
^^"1.^27^
Tube Stub
.500(13
2 PIsee
( 5 ODx. 049 (1.2) W
"~c s
Model 00415-#
r1.12(28)D.a. i.00f25)Dla.
f
?2.95 (75)-
1.25(32)
.87(22)018,)
1.25(32)-,
j- l-
2.04 (52) .
Tube Siib
. 500 (13) QDx.049(1.2) W
4 Places
Model 00169-#
MODEL
NUMBERS
Dim
"A"
in (mm)
Dim
"B"
in (mm)
Dim
"C"
in (mm)
Transfer
Area
fl2 (m2)
00540-1
00283-1
00415-1
00169-3
6.81 (173) 9.75 (248) 11.34 (288) 0.58 (.05)
00540-2
00283-2
00415-2
00169-1
10.81 (275) 13.75 (349) 15.34 (390) 0.89 (.08)
00540-3
00283-3
00415-3
00169-2
14.81 (376) 1775(451) 19.34 (491) 1.19 (.11)
00540-t
00283-4
00415-*
00169-4
6.81 (173) 9.75 (248) 11.34 (288) 0.40 (.04)
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00283-5
00415-5
10.81 (275) 13.75 (349) 15.34 (390) 0.61 (.06)
00169-5
00540-6
00283-6
00415-6
14.81 (376) 17.75 (451) 19.34 (491) 0.81 (.08)
00169-6
MODEL
NUMBERS
Tube
Length
in (mm)
Tube
OD
in (mm)
Tube
Wall
in (mm)
Tube
Count
00540-1
00283-1
00415-1
00169-3
8.00 (203)
.094 (2.4) .010 (.25) 37
00540-2
00283-2
00415-2
00169-1
12.00 (305)
00540-3
00283-3
00415-3
00169-2
16.00 (406)
00540^*
00283^
00415-4
00169-4
8.00 (203)
.125 (3.2) .0125 (.32) 19
00540-5
00283-5
00415-5
00169-5
12.00 (305)
00540-6
00283-6
00415-6
00169-6
16.00 (406)
MODEL
NUMBERS
Baffle
Count
Shell
Volume
in3 (cc)
Tube
Volume
in3 (cc)
Weight
lb (kg)
00540-1
00283-1
00415-1
00169-3
9 3.05 (50) 1.58 (26) 1.03 (0.47)
00540-2
00283-2
00415-2
00169-1
11 4.58 (75) 2.22 (36) 1.24 (0.56)
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Model 00540-#
Model 00283^#
Same dimensions a Model 00540.
Removable bonnets allow for easy
access to tubes for cleaning
1 "Tftf
Temperature Range with std. Viton seals:
Shell Side: -70F to 450T (-60X to 230C)
Tube Side: -15T to 400F (-25C to 205 CC
Optional Seals allow higher and lower
temperature operation.
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Electric Heater Corporation
!V I OackJo_Pux:ess Heater Selector I Pack to Circulation Heater Selector
Steel Screw Plug and Steel
150-lb Flanged Heater Sizes
NEMA 1 Terminal Housing
Steel Tank
Steel Sheath Heating Elements
Watt Density of23 watts/in2
(3.6 watts/cm2)
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Approximate
Net Weight
lbs ! kg*
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Appendix C
The following figures show that the time vs. pressure drop with different oil inlet
temperature for the shorter test section.
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Figure C1 Pressure drop vs. time
Toil inlet = 250deg, m = 0.000285kg/s
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Figure C.2 Pressure drop vs. time
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Figure C3 Pressure drop vs. time
Toil inlet = 200deg, m = 0.000285kg/s
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Figure C4 Pressure drop vs. time
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Figure C5 Pressure drop vs. time
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Figure C6 Pressure drop vs. time
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Figure C7 Pressure drop vs. time
Toil inlet = 100deg, m = 0.000285kg/s
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Figure C8 Pressure drop vs. time
